This paper documents an experimental investigation of additive behavior in acidic copper plating solutions containing chloride ions, polyethylene glycol ͑PEG͒, and bis-͑3-sodiumsulfopropyl disulfide͒ ͑SPS͒. These solutions represent a simplified model of solutions used industrially for electroplating copper interconnects. Experiments were conducted with use of a rotating disk electrode under both galvanostatic and potentiostatic conditions and the transient behavior was observed. Linear sweep voltammetry was also performed. A transition time for the system to reach steady state was observed under both galvanostatic and potentiostatic conditions and found to be a strong function of SPS concentration. Superfilling is made possible by the existence of a long transition time that permits establishment of a significant rate difference between the top and bottom of the cavity. Experimental results provide evidence for slow adsorption and desorption of the accelerator and SPS incorporation into the deposit. Linear sweep voltammetry indicates that behavior of the accelerator is potential dependent. The same mechanism used to explain superfilling can be applied to explain the leveling/brightening of copper surfaces in these solutions. Electrodeposition is used in the fabrication of copper on-chip interconnects to completely fill deep vias and trenches in order to guarantee good quality interconnects.
Electrodeposition is used in the fabrication of copper on-chip interconnects to completely fill deep vias and trenches in order to guarantee good quality interconnects. 1 Deposition that meets the requirements for filling high-aspect-ratio ͑AR, depth-to-width ratio͒ structures without void formation is called superfilling. During superfilling, the deposition rate at the bottom of the feature is faster than that at the top. Various additive systems have been used industrially to achieve superfilling. Of interest to the present study is a model system consisting of three additives ͓chloride ions, polyethylene glycol ͑PEG͒, and bis-͑3-sodiumsulfopropyl disulfide͒ ͑SPS͔͒ that has been shown to have superfilling properties similar to some of the more complex industrial additive systems. 2 Both this model system and a similar system that uses 3-mercapto-1-propanesulfonate ͑MPSA͒ instead of SPS have been used in several recent studies. 3, 4 Mathematical models have been developed to describe the additive behavior and the evolution of surface profiles during superfilling. 2, 5, 6 These models have included a level of empiricism and have utilized experimentally fitted parameters due to the lack of fundamental knowledge regarding additive interactions, adsorption, desorption, and incorporation. A more fundamental model was developed recently by Hebert 7 to describe the currentvoltage behavior during linear sweep voltammetry ͑LSV͒ of the model system containing MPSA. However, his study did not include the experimental data necessary to validate key assumptions and did not address the issue of superfilling. The purpose of the present experimental study is to investigate the mechanisms of additive interactions and behavior in the model system (Cl Ϫ , PEG, and SPS͒ in order to provide the basis for the development/validation of a fundamental model to describe superfilling.
Inhibition in the Cl Ϫ -PEG-SPS system is due primarily to the combination of PEG and chloride ions. [8] [9] [10] [11] PEG inhibition has been studied extensively and is generally attributed to active site blocking by PEG directly or by a PEG-containing complex. 9 The marked enhancement of the inhibition by the involvement of the chloride ions in the solution has also been documented. [8] [9] [10] [11] Chloride ions adsorb at the cathode surface in the potential range of interest to copper electroplating [12] [13] [14] [15] and provide strong binding sites for PEG adsorption. 8 Acceleration ͑depolarization͒ is much less understood than inhibition but has been attributed to SPS or DTODSA ͑4,5-dithiaoctane-1,8-disulfonic acid, a chemical with the molecular structure close to that of SPS͒. [16] [17] [18] [19] A possible explanation for the depolarization effect is that the accelerator ͑SPS or derivative thereof͒ changes the reaction mechanism by involvement in the electron-transfer process. 20, 21 Another possibility is that the number of nucleation sites for copper deposition is increased by the formation of a sulfide that adsorbs at the surface. 19 MPSA and SPS behave similarly during copper plating from acid solutions and reach an equilibrium concentration when both additives are in solution. 20, 22 An interesting phenomenon that has been observed with the model additive system, as well as with similar industrial plating baths, is ''inertial bumping'' or the formation of bumps due to overfilling of the trenches. [2] [3] [4] 23 A simple mechanism related to transport limitations in the cavity does not explain the continued acceleration after the cavity has been filled. Rather, mechanisms presented in the literature include two parts: (i) preferential concentration of the accelerator ͑SPS or MSPA͒ in the cavity and (ii) slow desorption of the accelerator. Studies by West et al. and Moffat et al. attributed the concentration of the accelerator to the decrease in the surface area that occurs as a natural consequence of filling the cavity. 2, 3, 5, 6 An alternate explanation, offered by Richard et al., was that masstransport limitations of the inhibitor during the initial plating period allowed preferential adsorption of the accelerator, catalyzing the accumulation process of accelerator in the cavity. 23 
Experimental
Experiments were performed in a glass vessel containing 100 mL of electrolyte solution. Electrodes consisted of a platinum/copper rotating disk working electrode ͑5 mm diam͒, a copper counter electrode ͑Cu 99.99%͒, and a copper ͑99.999%͒ reference electrode. The reference electrode was placed far from the working electrode. A potentiostat/galvanostat ͑model 263A, EG&G Princeton Applied Research͒ controlled by a PC was used to perform the experiments. The composition of the basic electrolyte was 0.24 M CuSO 4
• 5H 2 O and 1.8 M H 2 SO 4 , to which one or more of the three additives PEG ͓molecular weight (Mw) ϭ 3400 g/mol, Aldrich͔, Cl Ϫ ͑added as NaCl, Mallinckrodt͒, and/or SPS ͑Raschig, Germany͒ were added. At the beginning of each experiment a copper layer was deposited on the platinum disk in the basic electrolyte without additives at 10 mA/cm 2 for 15 min. The electrolyte temperature was kept constant at 298 Ϯ 1 K. The rotation rate was 400 rpm for all experiments.
During polarization experiments, copper was deposited galvanostatically onto the working electrode at current densities of 5, 10, and 20 mA/cm 2 . A variety of different additive combinations were investigated in order to elucidate additive interactions. The sequence in which the additives were added to the basic electrolyte was also varied. In some experiments electrodes were pretreated by immersing them in the solution for a specified time prior to initiation of electrodeposition and/or post-treated by rinsing in a variety of dif-ferent ways. Deposition experiments were also performed under potentiostatic conditions. LSV was performed by sweeping in a negative direction from the rest potential to Ϫ400 mV ͑vs. copper͒ at rates of 0.2, 1, and 5 mV/s. The SPS concentration used in these experiments was 1 ppm, and several sequential cycles were performed for each set of experimental conditions.
The change in the surface morphology during galvanostatic copper deposition at a current density of 20 mA/cm 2 was studied by atomic force microscopy ͑AFM͒. This work was performed on copper disks ͑99.998%͒ which were polished in a series of steps ending with a 0.05 m alumina paste and rinsed thoroughly in deionized water prior to each copper deposition. The surface resulting from deposition in the basic electrolyte with PEG and Cl Ϫ was used as the base case. Experiments examined the influence of SPS concentration, plating time, and pretreatment time on the surface morphology.
Results and Discussion
Behavior of three-additive system: SPS-PEG-Cl Ϫ .-As previously mentioned, the behavior of the three additive system (SPS-PEG-Cl Ϫ ) was investigated under galvanostatic and potentiostatic conditions. Curve ''Cl Ϫ ϩ PEG ϩ SPS'' in Fig. 1 shows the deposition behavior observed when all three additives were present at the beginning of a galvanostatic experiment at the following concentrations: 1 ppm SPS, 300 ppm PEG, and 50 ppm Cl Ϫ . Under these conditions, the potential increased gradually, corresponding to a decrease in the overpotential or polarization necessary to drive the current, until it reached a steady value. The transition was quite slow, requiring on the order of 2500 s to complete. This type of behavior was not observed in the plating bath with two additives ͑Cl-PEG or Cl-SPS͒, suggesting that it was the result of the interaction of all three additives. In order to gain additional insight into the mechanistic behavior of the system, two additional types of experiments were performed. In the first of these, deposition was initiated with SPS and chloride only, followed by the addition of PEG. The results ͑curve ͓Cl Ϫ ϩ SPS͔ ϩ PEG in Fig. 1͒ show a slight decrease in the potential at the beginning of the experiment, followed by a plateau as the SPS-Cl Ϫ system reached steady state. Subsequent addition of PEG caused a very rapid drop in potential, followed by a gradual increase similar to that observed in the previous experiment. Note that the time scale for this experiment has been shifted in order to superimpose the transition periods. In the second type of additional experiment, deposition was initiated with PEG and chloride only, followed by the addition of SPS ͑curve ͓Cl Ϫ ϩ PEG͔ ϩ SPS in Fig. 1͒ . In this case, the potential was nearly constant at a low value until the addition of SPS. The same transition observed in the previous two experiments was also observed in this experiment after SPS addition ͑again, the time scale has been shifted to superimpose the transition periods͒.
The transition period can be characterized by the transition time ͑defined as the time required to reach 70% of the steady-state value͒ and the steady-state value of the potential. The system was assumed to be at steady state when the average value of the potential changed by less than 1 mV in a 10 min period. The influence of SPS concentration and current density on the transition time is shown in Fig.  2 . The transition time was strongly dependent on SPS concentration, with low concentrations corresponding to long transition times. In addition, the transition time decreased significantly with increasing current density at SPS concentrations less than 1 ppm. Figure 3 shows that the steady-state value of the potential was also dependent on the SPS concentration. For each current density tested, an increase in the SPS concentration caused an increase in the steadystate potential, corresponding to a decrease in the magnitude of the overpotential needed to sustain the deposition rate. The steady-state value of the potential also decreased with increasing current density as expected.
Similar experiments were performed under potentiostatic conditions and a slow transition in the current was observed, analogous to the transition in the potential observed under galvanostatic conditions. Table I shows that both the transition time and steady-state current were strongly dependent on the SPS concentration at constant potential. The system was assumed to be at steady state when the average value of the current reached its maximum and changed by less than 0.05 mA in a 5 min period. An important observation was that the current approached a constant value with increasing SPS concentration, presumably due to saturation of the accelerator.
As SPS provides the depolarization effect, a possible explanation for the slow transition is that it is the result of a slow accumulation of accelerator at the surface. It would then follow from Fig. 1 that the accelerator accumulates on the surface in the presence of PEG and chloride ions. In contrast, the rapid drop observed after adding PEG to a solution containing SPS and chloride ions ͑Fig. 1, curve ͓Cl Ϫ ϩ SPS͔ ϩ PEG) indicates that relatively little accelerator had accumulated on the surface in the presence of SPS and chloride ions prior to the addition of PEG, or that PEG rapidly displaced the accelerator when added to solution. In either case, it is difficult to imagine that the subsequent accumulation of the accelerator was the result of a simple competitive adsorption mechanism. The dependence of the steady-state potential ͑Fig. 3͒ on SPS concentration suggests a concentration-dependent balance between an accumulation process and a consumption process. Otherwise, accumulation of the SPS might be expected to continue until the surface is saturated, yielding a steady-state potential that is independent of concentration.
Morphology associated with transition curves.-AFM was used to examine the morphology of the copper surface in the different plating solutions. Of particular interest was whether or not there is a causal relationship between the changes in morphology and depolarization of the electrode during galvanostatic deposition. It was observed that plating baths with low concentrations of SPS ͑0.2 and 1 ppm͒ yielded a smooth bright surface, while plating baths with higher concentrations of SPS ͑5, 10, and 50 ppm͒ yielded a rough dull surface. Figure 4 shows the copper surface evolution in the plating process at SPS concentrations of 0.2 and 5 ppm. The initial surface in both samples was a rough surface ͑sufficiently rough to make AFM difficult͒ that resulted from electrodeposition in the basic electrolyte solution with PEG and chloride ions ͑no SPS͒ at a constant current density of 20 mA/cm 2 . The difference in the surface morphology between the starting and ending points was significant for both samples. However, the average feature size of the final sample was much smaller for deposition in the 0.2 ppm SPS solution. Note that no significant change in surface roughness was observed for a given sample once steady state had been achieved. In other words, the extent of leveling was indeed much less in the solution containing 5 ppm SPS than in the 0.2 ppm solution. Higher concentrations of SPS resulted in surfaces of considerably greater roughness, comparable to the initial roughness shown in Fig. 4 , and thus were difficult to characterize with AFM.
A galvanostatic experiment was performed at 20 mA/cm 2 with the basic electrolyte containing 50 ppm Cl Ϫ , 300 ppm PEG, and 1 ppm SPS to determine the impact of the morphology change on the transition time required for depolarization. No significant difference in the transition time was observed between experiments initiated with a smooth and with a rough surface, indicating that morphology was not the dominant factor in the depolarization process. In addition, the roughness change during the transition period was much more significant for the sample plated in 0.2 ppm SPS than that plated in 5 ppm SPS, while the extent of depolarization was greater for the 5 ppm solution. This again indicates that the morphology change was not the dominant cause of the depolarization.
Accumulation and consumption of the accelerator at the surface.-Additional sets of experiments were performed to gain insight into the factors that control the accumulation and consumption of the accelerator on the electrode surface. The first of these examined deposition behavior with SPS and chloride ͑i.e., in the absence of PEG͒. At this point it was postulated that if the accumulation of the accelerator at a low concentration is slow, then an extended exposure should allow additional adsorption and change the observed deposition behavior. To test this hypothesis, the copper cathode was pretreated by immersing it in the plating solution at zero current for 1 h prior to initiation of galvanostatic deposition. Figure 5 shows that the behavior observed for deposition with and without pretreatment was significantly different. The potential of the pretreated sample started at a ''high'' value ͑low overpotential͒ and decreased with time, presumably due to consumption ͑desorption or/and incorporation͒ of the accelerator in the presence of current. In contrast, the sample that was not pretreated started at a potential that was 25 mV lower than that of the pretreated sample. Both samples reached the same steady-state potential. Figure 6 shows the results of similar experiments performed with the three-additive system containing 50 ppm Cl Ϫ , 300 ppm PEG, and 1 ppm SPS. For short pretreatment times ͑10 min͒ or no pretreatment, the potential started low ͑i.e., high overpotential͒ and increased gradually, similar to the behavior shown in Fig. 1 . In contrast, the sample pretreated for 1 h went immediately to the steadystate value and remained there. The potential of these samples never reached the low values experienced by the untreated samples. Apparently, the accelerator was adsorbed during the pretreatment phase and remained, at least partially, on the surface. Note that this adsorption occurred in the presence of PEG.
These experimental results are consistent with slow adsorption of the accelerator and incorporation of the accelerator into the deposit during electrodeposition. Incorporation into the deposit is also supported by impurity measurements in copper deposits which show evidence of the sulfur-containing additive ͑accelerator͒. 24 Additional experiments were performed to characterize the desorption behavior of the accelerator. A copper substrate was placed in the three-additive solution ͑50 ppm Cl Ϫ , 300 ppm PEG, 1 ppm SPS͒ at open circuit for 1 h to provide time for SPS adsorption. The substrate was then placed in a different solution that was identical to the first except that it did not contain any SPS. The substrate was kept in a large excess of this SPS-free solution at open-circuit conditions for an additional hour in order to permit desorption. Finally, the substrate was transferred to the test cell where copper was deposited galvanostatically on the substrate from an SPS-free solution containing 50 ppm Cl Ϫ and 300 ppm PEG. For comparison, a similar copper substrate was pretreated in the three-additive solution and then moved to an SPS-free solution for immediate plating with no time for desorption. Figure 7 shows the results of these two plating experiments, along with those from a fresh copper substrate that was plated in an SPS-free solution without pretreatment. Deposition on the sample that was allowed to desorb began at a potential that was in between that of the other two samples. This leads to the conclusion that desorption did occur but was incomplete in the 1 h time allotted. Thus, it appears that desorption does take place slowly. Other observations support the conclusion of slow desorption. For example, samples deposited in the presence of all three additives showed residual depolarization effects, even after they were rinsed in water or additive-free electrolyte solution. In fact, repeated ultrasonic cleaning in an SPS-free solution was required to bring a substrate that had been pretreated in 1 ppm SPS back to behavior that was close to that of an untreated substrate. Samples pretreated at 10 ppm SPS showed residual depolarization effects even after repeated ultrasonic cleaning.
Based on these results, desorption is expected to be very slow relative to the sharp drop observed in Fig. 1 when PEG was added to the system containing SPS and chloride ions. Consequently, it seems unlikely that the steep drop was due to displacement of the accelerator by PEG. An alternate explanation for the behavior shown in curve ͓Cl Ϫ ϩ SPS͔ ϩ PEG of Fig. 1 is that the addition of PEG led to increased adsorption of the accelerator. The increased adsorption may have resulted from the shift in potential ͑potential-dependent adsorption͒ and/or a reduced rate of accelerator incorporation in the presence of PEG.
In summary, the results presented indicate that at a low SPS concentration, the accelerator adsorbs and desorbs slowly. This behavior is likely responsible for the long transition times observed and for the persistent acceleration leading to inertial bumping. The results also indicate that the accelerator is incorporated into the deposit, consistent with the results of previous investigators.
7,24
Linear sweep voltammetry.-LSV was also used to examine the deposition behavior of the three-additive system. Similar experiments have been performed by West et al. 2 and Moffat et al. 3, 5, 6 and are described theoretically by Hebert. 7 Experiments in the present study were performed with 50 ppm Cl Ϫ , 300 ppm PEG, and 1 ppm SPS on a rotating disk electrode ͑RDE, 400 rpm͒ at scan rates of 0.2, 1, and 5 mV/s. Potentials are relative to a Cu 2ϩ /Cu reference electrode. Each scan was initiated at the rest potential and proceeded in the cathodic direction to Ϫ400 mV before returning to 0 mV. One difference between the present study and those mentioned previously is that four scans were recorded in succession for each sample.
The results for the three scan rates are shown in Fig. 8a-c. A distinct difference between the initial scan and subsequent scans was observed at the high rate as shown in Fig. 8a . This difference became less pronounced at the slower scan rates ͑Fig. 8b and c͒. The difference between the initial scan and subsequent scans can be attributed to the slow accumulation of the accelerator when SPS is present at a low bulk concentration. The slower scan rates allowed additional time for this accumulation to occur, leading to a smaller difference between the initial scan and subsequent scans. By the time the initial scan was complete, the sample had finished ''baseline'' adsorption of the additive, resulting in subsequent scans that were very similar.
A hysteresis loop was observed for all scans at all scan rates. This hysteresis was most pronounced for the initial scan at each scan rate because of the slow accumulation mentioned previously. A significant difference between the forward and reverse scans was also observed at the 1 and 0.2 mV/s scan rates for all subsequent scans. In contrast, the degree of hysteresis observed at a scan rate of 5 mV/s was small for scans other than the initial scan. These results are consistent with two types of accumulation: (i) slow accumula- tion to a base level that is manifest in the difference between the initial scan and subsequent scans, and (ii) repetitive accumulation and removal of the accelerator in subsequent scans due to the potential change. The most likely explanation for the reproducible hysteresis loops observed for scans other than the initial scan is that surface coverage of the accelerator is potential dependent. A sweep of the potential to more cathodic values allows additional accelerator to accumulate. Because of the finite scan rate and the slow rate of adsorption, the amount of accelerator on the surface remains below its steady-state value throughout the forward scan. Thus, the amount of accelerator on the surface during the reverse scan is greater than that in the forward scan at any given potential. The presence of increased amounts of accelerator during the reverse scan is due to accumulation during the scan, causing the observed hysteresis.
The difference in the extent of hysteresis observed for cycles other than the initial scan can be explained as follows. At the high scan rate of 5 mV/s, the amount of accelerator that accumulated on the surface was limited due to the fast scan rate. Therefore, only a small difference between the forward and reverse cycles was observed. As the scan rate was slowed, more accumulation occurred and a greater degree of hysteresis was observed. These results are consistent with slow adsorption and potential-dependent surface coverage of the accelerator.
Superfilling of cavities.-Superfilling of small features has been observed in systems using a model electrolyte ͑SPS, Cl Ϫ , and PEG or MPSA, Cl Ϫ and PEG͒ as well as in industrial systems with plating baths of similar composition. 2, 4, 5, 23 The typical SPS concentration in such systems is in the range 1-10 ppm. 25, 26 In order to ''superfill'' a cavity without void formation, the electroplating rate at the bottom of the cavity must be higher than that at the top. For example, a trench with an aspect ratio of two requires the rate at the bottom to be a minimum of about four times that at the top for successful superfilling to occur. The most likely explanation for acceleration inside the cavity is ''curvature-enhanced accelerator coverage,'' where the surface concentration of the accelerator is increased due to the decrease of surface area inside the cavity that occurs naturally as the cavity is filled via electrodeposition. 2, 5 The size of the cavity is such that the surface can be assumed to be at constant potential. 27 The relationship between the results from the present study and superfilling is now examined.
If we assume that the concentration of accelerator at the bottom of the cavity approaches saturation to provide maximum acceleration, then the data in Table I provide some interesting insights into the superfilling process. In particular, the maximum difference between the current at the bottom ͑saturated͒ and top ͑1 ppm SPS bulk concentration͒ at steady state is 1.7, insufficient to result in superfilling. Therefore, superfilling is a transient phenomenon that results from the fact that depolarization inside the cavity occurs faster than outside the cavity. The situation is illustrated conceptually in Fig. 9 , where a large difference between the rate at the bottom of the cavity and the top ͑or outside͒ is present at short times relative to the transition time. It is the large difference between the accelerator concentration inside and outside of the cavity, combined with a slow desorption rate, that causes the inertial bumping observed for such systems since the time required to fill the cavity is much less than the transition time for the electrolyte composition used. It may be possible to minimize inertial bumping by stopping electrodeposition prior to completely filling the cavity and allowing sufficient time ͑on the order of the transition time͒ for the outside of the cavity to ''catch up'' to the bottom before resuming deposition. Use of a high concentration of SPS precludes the possibility of superfilling by greatly reducing the transition time ͑see Table I͒ and allowing the top or outside of the cavity to quickly reach the same rate as the bottom. In contrast, superfilling will not be observed for very low SPS concentrations ͑e.g., 0.05 ppm͒ because the steady-state coverage of the accelerator is so low that ''curvature-enhanced accelerator coverage'' does not provide sufficient acceleration at the bottom of the cavity. 3 Relationship to morphological evolution of copper deposits.-The explanation presented for superfilling can also be used to explain the morphological evolution of copper deposits reported earlier in the paper. AFM showed smooth and bright surfaces at low SPS concentrations ͑e.g., 0.2 or 1 ppm͒ and rough surfaces at high SPS concentrations (Ͼ10 ppm). Deposit roughness was also affected by pretreatment in the electrolyte. Long pretreatment times allowed SPS to adsorb to its steady-state value over the entire surface, leading to rough deposits. The sample surfaces corresponding to the pretreatment times of 1 h were much rougher than those corresponding to the pretreatment times of 0 and 10 min. When the bulk SPS concentration is low, the accumulation of the accelerator at the surface is a slow process, and the amount of accelerator adsorbed at the cathode surface is small at first. The decrease of the surface area in the valleys of the rough surface due to deposition leads to accumulation of the accelerator by ''curvature-enhanced accelerator coverage'' and a faster local deposition rate in the valleys. The opposite is true for the peaks of the rough surface. Therefore, valleys have the fastest deposition rate and peaks have the slowest deposition rate, although the difference in the rates decreases with time. If the transition time is long enough for surface leveling to occur, a smooth layer is formed. If the bulk concentration of SPS is high and the transition time is short, the difference between the deposition rate of the valleys and peaks is not significant and a rough surface results.
Conclusions
An experimental study of additive behavior for model copper plating solutions that exhibit superfilling was performed. The experiments show that acidic copper plating solutions containing PEG, Cl Ϫ , and SPS exhibit a transition time for depolarization that is a strong function of SPS concentration. In galvanostatic experiments, samples reached a steady-state value of the potential that was also a function of SPS concentration. In potentiostatic experiments, the steady-state current density varied significantly with SPS concentration at low concentrations and approached a single value as the SPS concentration increased. Consequently, relatively small changes in the steady-state current at ''high'' SPS concentrations were observed for large changes in concentration. Experimental results also provided evidence for slow adsorption and desorption of the accelerator and SPS incorporation into the deposit. In addition, LSV indicated that behavior of the accelerator was potential dependent. Analysis showed that superfilling depends on the existence of a long transition time to permit establishment of a significant rate difference between the top and bottom of the cavity. The same mechanism used to explain superfilling can be used to explain the leveling/ brightening of copper surfaces in these solutions.
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